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The	  green	  revolu1on	  
•  Increased	  yields	  
due	  to	  
–  Irriga1on	  
– Synthe1c	  fer1lizers	  
– Pes1cides	  
– Mechaniza1on	  
– New	  varie1es	  
responsive	  to	  
green-­‐revolu1on	  
technology	  
Breeding	  for	  the	  green	  revolu1on	  
•  Yield	  response	  to	  water	  
and	  fer1lizer	  
•  Dependence	  on	  pes1cides	  
•  Reduced	  height,	  
compe11veness	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Green	  revolu1on	  varie1es	  
These	  varie1es	  require	  
•  Water	  
•  fer1lizer	  
•  pes1cides	  
•  	  	  
Wheat	  trials,	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  –	  photo	  EvW	  
Is	  the	  green	  revolu1on	  sustainable?	  
•  Water	  shortages	  
•  Saliniza1on	  of	  irrigated	  land	  
•  Synthe1c	  fer1lizer	  from	  
petroleum	  
•  Expense	  of	  modifying	  
marginal	  land	  
•  Popula1on	  growth	  
•  Climate	  change	  
Breeding	  for	  marginal	  lands	  
•  Marginal	  lands	  will	  have	  to	  be	  used	  to	  feed	  a	  
growing	  popula1on,	  without	  green	  revolu1on	  
inputs	  
•  Breeding	  needs:	  
– Understanding	  adapta1on	  to	  marginal	  lands	  
Breeding	  for	  marginal	  lands	  
•  Wild	  rela1ves	  of	  crops	  are	  ideal	  for	  
understanding	  adapta1on	  	  
– Grow	  on	  marginal	  lands	  
– Gene1c	  resources	  
– Germplasm	  collec1ons	  
	  
Breeding	  for	  marginal	  lands	  
•  During	  domes1ca1on,	  wild	  rela1ves	  were	  
adapted	  to	  cul1va1on	  
– Understanding	  this	  process	  gives	  us	  insight	  into	  
the	  important	  changes	  
– Some	  consequences	  of	  domes1ca1on	  not	  
intended	  by	  breeders	  
	  
Breeding	  for	  marginal	  lands	  
•  Following	  domes1ca1on,	  crops	  were	  moved	  
to	  new	  areas	  with	  migra1ons,	  diasporas,	  and	  
cultural	  exchange	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  Pigeonpea	  and	  Some	  wild	  rela1ves,	  A-­‐Cajanus	  cajan,	  B-­‐Dunbaria,	  C-­‐
Bolusafra,	  D-­‐Rhynchosia	  and	  E-­‐Eriosema	  
Gungopea	  agricultural	  uses	  
•  O`en	  a	  secondary	  crop	  
•  Intercrop	  with	  grains	  
•  Cover	  crop/green	  fer1lizer	  
•  Biofuel	  
•  Starva1on	  crop	  
•  Seasonal	  vegetable	  
Known	  as	  pigeonpea,	  Congopea,	  
Gungopea,	  and	  guandules	  in	  diﬀerent	  parts	  
India,	  Africa,	  and	  the	  Caribbean	  
Domes+cated	  
Gungopeas	  
	  
Less	  diverse	  than	  wild	  C.	  
cajanifolius	  
	  
	  
African,	  Caribbean,	  and	  
east	  Asian	  pigeonpeas	  
are	  less	  diverse	  than	  
domes1cated	  Indian	  
pigeonpeas	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  genome-­‐
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752	  and	  1616	  loca1ons	  
across	  the	  pigeonpea	  
genome	  in	  184	  
cul1vated	  and	  wild	  
accessions	  
 
supported by subsequent population genetic analyses (see below).
Thus, C. cajan C6364 and ICP 11975 were the most basal
genotypes among the domesticated accessions. Interestingly,
C. cajan C6364 is annotated as a naturally occurring, semi-
domesticated and rarely found Australian woody herbaceous
pigeonpea, while ICP 11975 is a genotype from the Philippines.
The distant relationship of C. cajan C6364 to other Cajanus spp. of
Australian origin, and its close affinity with domesticated C. cajan,
is consistent with the origin of C. cajan C6364 as a feral genotype,
and in fact both C. cajan C6364 and ICP 11975 show evidence of
genetic admixture (see below). The data also suggest that at least
three accessions are misclassified, as they are annotated as wild
non-cajan species (i.e., ICP 15627, C. albicans; ICP 15756,
C. scarabaeoides, and ICP 15644, C. lineatus) but were well integrated
into the domesticated group.
To further assess relationships among accessions we conducted
a Principal Coordinate Analysis (PCoA) using GenAlEx v.6.3
[26]. This multivariate approach was chosen to complement
phylogenetic analysis because phylogenetic analyses are more
sensitive to relationships between related individuals whereas
PCoA is more informative regarding distances among major
groups [27]. Principal Coordinate Analysis (PCoA) distinguished
three groups of individuals (I, II and III) along discriminate axes
1 and 2, which accounted for 85.81% and 8.02% of the genetic
variation, respectively (Figure 3). Along the first axis, wild
accessions were resolved from domesticated accessions, while the
second axis resolved the Indian C. scarabaeoides group (group I)
from the remaining wild accessions of both Australian and Indian
origin (group II). Within group II the Australian set forms
a homogenous subgroup and the Indian genotypes form a more
diverse assemblage, consistent with the previous phylogenetic
analysis. Group III contained the domesticated C. cajan cluster.
The low level of variation of the domesticated cluster is reflected
in the tight clustering of most genotypes. Interestingly, ICP
11975 is an outlier from the main domestication group in
Figure 3, supporting its basal affiliation to the domestication
lineage predicted by Neighbor Joining analysis (Figure 1). A
single accession of C. cajan from the Philippines (ICP 12765), as
well as C. cajanifolius accessions ICPW 29 and ICP 15629, and
C. lineatus ICPW 46, were also outliers in the PCoA analysis
(Figure 3). Analysis of allele frequencies (see below) suggested
a high proportion of genetic admixture for these genotypes and
we suggest that these accessions originated as hybrids between
wild and cultivated forms.
Genetic Structure of Wild and Domesticated Pigeonpea
To investigate genetic relationships among accessions and to
search for evidence of genetic admixture between cultivated and
wild genotypes, we utilized the Bayesian algorithm STRUCTURE
[28,29]. STRUCTURE uses allele frequencies to derive subsets
from a set of sampled individuals that approximate Hardy-
Weinberg equilibrium, and thus represent subpopulations in the
genetic sense. In the current study the taxonomic divisions are
species level distinctions and, with the exception of C. cajan,
sampling of multiple accessions within a species was limited. Thus,
Figure 1. Neighbor Joining phylograms depicting wild and domesticated pigeonpea. Panel A, relationships among wild Cajanus species.
Species groups are designated by color: orange, Wild-Scarabaeoides; green, Wild-Australia; black, Wild-India. Panel B, expansion of domesticated
lineages from Panel A. The nature of accessions is reflected in their colors: red, wild progenitor; blue, cultivars and genebank accessions; pink,
landraces. *** indicates mislabeled accessions annotated as wild species. The two Neighbor-Joining trees are linked to each other at Panel B and
Panel A respectively. Bootstrap values of $50% are shown above their respective branches.
doi:10.1371/journal.pone.0039563.g001
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phylogenetic and population genetic analyses. The data were
sufficient to derive relationships that were simultaneously congru-
ent with, and more detailed than, previous plastid and nuclear
gene phylogenies (MT. Kassa, PhD Dissertation). Moreover, the
results permit assignment of C. cajanifolius as the most probable
progenitor species, and they allow us to infer the origin of modern
cultivated pigeonpea from nested population bottlenecks, with an
initial domestication in India and subsequent spread of cultivation
to tropical regions beyond India.
Crop domestication is accompanied by genome-wide reduction
in genetic diversity [1]. This reduction derives from a population
bottleneck imposed during the founding of a new crop lineage [30]
and subsequently due to selection on specific loci that confer
agronomically important traits [31]. Bottleneck severity varies
Figure 5. Population structure of cultivated Cajanus cajan. Panel A, Weighted Neighbor-Joining tree depicting pairwise relationships between
accessions. Colors denote the nature of individual accessions: Blue diamonds, cultivars and elite varieties; Pink diamonds, landraces; purple diamonds,
ICRISAT reference material; Green diamonds, Core collection; Red diamonds, R-line; Orange diamonds, Minicore; Light green diamonds, Tropical; light
blue, Indian; Light brown diamonds, Philipines. Genotypes with admixture between Indian and Tropical subgroups are designated by both light
green and light blue diamonds. Panel B, population subdivisions with cultivated genotypes revealed by STRUCTURE. Green diamonds, genotypes
with tropical distribution; blue diamonds, genotypes with an Indian sub-tropical distribution. Admixed genotypes are those with fractional
membership in multiple groups. Likelihood values for each value of K are given in Table S4.
doi:10.1371/journal.pone.0039563.g005
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among crop species depending on the duration of domestication
and number of domestication events. For example, several grasses
have about two-thirds of the genetic diversity found in their wild
relatives [32], and simulations reveal a more severe bottleneck for
rice than maize [31,33]. Previous studies using SSR [24] and
DArT [25] markers detected a reduction in levels of genetic
diversity in domesticated pigeonpea compared to wild relatives
though the degree of a bottleneck effect was not quantified.
Here we quantify the reduction in genetic diversity, estimating
that domesticated pigeonpea contains only ?25% of polymorphic
loci present in the progenitor wild-India group. Only 62 markers
detected variation among the domesticated C. cajan group
(excluding the Philippines accessions) in comparison to 283 SNP
markers that were polymorphic among the progenitor wild-India
accessions. It is noteworthy that landraces (primitive cultivars) and
improved (elite) cultivars that comprise the domesticated portion
of our genotype panel (Table 3) contained similar levels of
polymorphic SNPs, indicating that much of the diversity that
survived through the incipient stages of domestication was retained
in current day cultivars and breeding lines. Despite the genetically
narrow base of pigeonpea, the cultigen is noted for high levels of
morphological diversity. Thus, different genotypes are adapted for
acceptable agronomic yield in both tropical and semi-arid regions
of the world, as reflected in the eco-geographical variation in
collection sites for accessions used in this study. Similar genetic
bottleneck effects have also been observed in other crop species
such as soybean [34,35], sunflower [36], and lima beans [37].
Although there was no clear distinction between landraces and
modern cultivars, domesticated genotypes were resolved into two
sections based primarily on the results of Neighbor Joining and
STRUCTURE analyses (Figures 5A and 5B). The subdivision
reflects the geographical origin of the respective genotypes, further
supporting the validity of the groups, with one lineage of Indian
origin containing approximately twice the genetic diversity of
a second lineage of tropical origin. Both of these populations are
depauperate of genetic diversity, with low genetic differentiation
and low genetic distance between them. Taken together, these
results suggest that primary domestication occurred in India, with
a more recent nested bottleneck associated with genotypes grown
in tropical regions. We suggest that the genetic distinctiveness of
the tropical and Indian subgroups within C. cajan likely derives
from breeding for the geographically-wide but agro-climatically
similar tropical regions versus semi-arid environments.
Although limited within-taxon sampling reduces our ability to
assess genetic diversity in the wild species, we can still make
preliminary assessments of diversity in the Cajanus species that are
important members of the secondary gene pool. In particular, we
note low diversity in the wild accessions collected from Australia.
This situation is curious, because the wild-Australia group contains
seven distinct taxonomic species, yet possesses less than one-third
the polymorphism found in the taxonomically homogeneous
C. scarabaeoides lineage of Indian origin. A majority of these
Australian species are endemic to Australia and possess similar
morphological characters (e.g. leaf shape, leaf and flower color and
the growth habit) [25]. Australia has been designated as an
important center of species diversity for Cajanus [38], but our
results argue against this conclusion because genetic diversity was
quite low among the seven species used in this analysis.
Several lines of evidence indicate that the Australian lineage is
closely related to the lineage of non-C. scarabaeoides wild-India
species, including the sister relationship of these two lineages in
Parsimony analysis (see legend to Figure 2 for clarification) and
their low genetic differentiation (Fst = 0.290) relative to other
among group comparisons (Table 3). As noted above, the
Australian lineage is genetically homogeneous, with polymor-
phism rates less than twice that observed in the domesticated-
Table 2. Percentage of Polymorphic loci in wild and domesticated groups.
Sub-groups Number of accessions Genetic Status Polymorphic loci (%)
Wild scarabaeoides 4 Wild 36.7%
Wild Australian 9 Wild 11.84%
Wild Indian 9 Wild 37.37%
Domesticated Indian 58 Domesticated 8.64%
Domesticated Tropical 12 Domesticated 5.45%
Philippines 3 Domesticated 23.94%
Mean 20.66%
SE 5.78%
doi:10.1371/journal.pone.0039563.t002
Table 3. Pairwise estimates of FST among wild and domesticated groups.
Wild scarabaeoides Wild Australian Wild Indian Domesticated Indian Domesticated Tropical Philippines
Wild scarabaeoides
Wild Australian 0.533
Wild Indian 0.496 0.290
Domesticated Indian 0.808 0.812 0.565
Domesticated Tropical 0.812 0.829 0.573 0.050
Philippines 0.712 0.667 0.448 0.165 0.179
doi:10.1371/journal.pone.0039563.t003
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Development	  perspec1ves	  
•  Where	  does	  gungopea	  ﬁt	  into	  Jamaican	  
agriculture?	  
Development	  perspec1ves	  
•  Breeding	  for	  year	  round	  produc1on	  
•  Breeding	  for	  mechanical	  harves1ng	  
(determinate	  ﬂowering)	  
•  Non-­‐food	  uses	  such	  as	  biofuels	  
•  Stressful	  soils	  and	  degraded	  land	  	  
•  Value	  of	  wild	  rela1ves	  of	  crops	  
•  Microbial	  media1on	  of	  traits	  

